One sentence summary: Microbes in black corals remain poorly studies. The present study is the first attempt to comprehensively investigate the diversity and structure of microbial community in black corals using Illumina sequencing. Editor: Yu-Zhong Zhang
INTRODUCTION
Coral reefs, recognised as the rainforests of the sea, are the most productive and diverse marine ecosystems. Unfortunately, coral-associated microbes related to diseases have led to a decline in approximately 30% of this diverse ecosystem worldwide (Radecker et al. 2017) . Great efforts have been made to identify the microbial species inducing coral diseases in the past few decades. Aspergillus sydowii is one of the best-understood fungal species because it can induce the aspergillosis in corals (Rosenberg et al. 2007 ). In addition, many bacterial species are also the main drivers of coral bleaching or diseases (Kushmaro et al. 2001; Lee et al. 2012) . However, recent studies showed that almost all the coral-associated microbes related to diseases could be recovered from healthy corals (Toledo-Hernandez et al. 2008; Zhang et al. 2012b) , and some coral diseases were recognised to be induced by the whole microbial community instead of by a single microbial species (Apprill et al. 2009 ). These studies highlight our ignorance of the whole microbial community in healthy corals.
Healthy corals harbour diverse and abundant microbial communities, mainly including fungi, bacteria and archaea. The microbial communities occupy a range of niches in corals, from within the surface mucus layer (Ritchie 2006; Kooperman et al. 2007; Nithyanand, Manju and Pandian 2011) to on and within the coral tissue layers (Banin et al. 2000; Frias-Lopez et al. 2002) . Recent studies showed several microbial phyla, including Proteobacteria, Firmicutes and Bacteroidetes, were found in almost all stony and soft coral species (Webster and Bourne 2007; Li et al. 2013 Li et al. , 2014 . On other hand, coral-associated microbes are largely coral species specific, with microbial profiles reflecting the phylogenetic relationships among coral species (Bourne and Munn 2005) . Rohwer and colleagues found that three stony coral species harboured specific microbial communities with a beneficial effect (Rohwer and Kelley 2004) . Therefore, understanding the whole microbial communities in corals is fundamental to understanding the health of corals (Bourne and Munn 2005) .
However, to date, most of these studies on coral-associated microbes have mainly focused on stony and soft corals. Few studies about coral-associated microbes have been carried out in black corals, even though black corals play an important role in modern coral faunas and marine ecosystems (Balinski and Sun 2017) . A majority of black corals are distributed in tropical and subtropical regions, but they can also be found in subtidal and polar settings (Wagner, Luck and Toonen 2012; Brugler, Opresko and France 2013) . In China, most of the black corals inhabit the South China Sea.
Our previous study first revealed the culturable microbial community in the black coral Antipathes dichotoma from the South China Sea (Zhang et al. 2012a) . However, no in-depth survey of microbial diversity has been carried out on black corals. Most of the microbial community in corals cannot be recovered by culturable-dependent approaches. Rohwer and colleagues (2001) first applied high-throughput sequencing methods to investigate coral-associated microbes. Their data demonstrated very high microbial diversity and 430 novel microbial ribotypes. Recently, sequencing-based studies have described that approximately 6000 distinct small-subunit rRNA gene ribotypes are associated with corals, spanning dozens of phyla and undescribed lineages (Sunagawa, Woodley and Medina 2010; Apprill, Weber and Santoro 2016; Greff et al. 2017) . These studies revealed that an increasing number of new microbial communities were indeed consistently or frequently detected in corals across their geographic distribution.
The goal of the present study was to comprehensively investigate the diversity and structure of the microbial community (bacteria and archaea) associated with two black coral species A. ceylonensis and A. dichotoma, from the South China Sea by using high-throughput Illumina sequencing. Furthermore, we compared the microbial community in different black coral species to define the ubiquitous and unique microbial community members in the black corals. Such information will expand our knowledge about the diversity and specificity of coralassociated microbes.
MATERIALS AND METHODS

Study site and sampling
The black corals A. ceylonensis and A. dichotoma were collected from the Sanya Coral Reef Conservation District (18 • 11 N,
109
• 25 E) in the South China Sea, in August 2016. A map of the South China Sea and the location of the sampling site are shown in Fig. 1 . Three different individual colonies for a single black coral species were collected in an approximately 1 km 2 area of the location of coral reef conservation. The samples were transferred directly to sterile plastic bags without seawater and then sent to the laboratory as soon as possible, where they are maintained in ice-cold conditions (Zhang et al. 2012b) .
DNA extraction and 16S rRNA amplicon sequencing
Three samples from each black coral species (A. ceylonensis and A. dichotoma) were cut separately and first flushed with ethanol solution (75%) and then rinsed three times with sterile seawater to remove loosely attached microbes and mucus from the surface. Then, the coral samples were homogenised separately with a sterile mortar and pestle with liquid nitrogen, and approximately 0.5 mL (measured by water displacement) of coral homogenate from each sample was frozen in 0.8 mL TE buffer for community DNA extraction. The total genomic DNA of each sample was extracted using an E.Z.N.A. R Soil DNA Kit (Omega Biotek, Winooski, USA) according to the manufacturer's instructions (Zhang et al. 2015) . The V4 region of the 16S rRNA was amplified from the extracted DNA by using the primer 515F (5 -GTGCCAGCMGCCGCGGTAA-3 ) and the reverse primer 907R (5 -CCGTCAATTCMTTTRAGTTT-3 ). PCR amplification was carried out in 60 μL reactions with 30 μL of Phusion R High-Fidelity PCR Master Mix (New England Biolabs, Massachusetts, USA), 0.4 μM of forward and reverse primers and approximately 20 ng DNA templates. Thermal cycling consisted of an initial denaturation at 94
• C for 5 min, followed by 31 cycles at 94
• C for 30 s, 53
• C for 30 s, 72
• C for 45 s and a final extension at 72
• C for 10 min. All PCR products from each sample were purified with a GeneJET Gel Extraction Kit (Thermo Scientific, Vantaa, Finland). The 16S rRNA sequencing libraries were constructed by NEB Next DNA sample preparation kit following the manufacturer's recommendations and index codes were added. The libraries were then sequenced using an Illumina MiSeq platform (Version 3) (Zhang et al. 2015) . 
Sequence and microbial community analysis
The sequences were quality filtered and analysed with the Quantitative Insight Into Microbial Ecology (QIIME) software package (Caporaso et al. 2010) . The raw Illumina sequences were separated into samples using barcodes and allowing up to one mismatch (Zhang et al. 2015) . The barcodes, primers and short sequences were then removed to generate paired-end reads. Raw tags were merged into paired-end reads with FLASH (Magoc and Salzberg 2011) . Operational taxonomic units (OTUs) were defined with clustering at 97% pairwise identity using QIIME's UPARSE v7.0.1001 (Edgar 2013) , and assigned taxonomically using the RDP classifier (Wang et al. 2007 ) against a curated Greengenes database (Desantis et al. 2006) . Any unidentified OTUs, chloroplast sequences and singletons were removed before downstream analysis (Hernandez-Agreda et al. 2016) . Alpha diversity (Chao1, Shannon's index) was calculated using Mothor (Schloss et al. 2009 ). Rarefaction curves were generated based on Chao1, observed microbial species and Shannon's index. The numbers of microbial sequences, OTUs and Shannon's index from each black coral species (three samples per species) were calculated and shown as average values. The calculation of beta diversity was preceded by principal component analysis, and Bray-Curtis distances were calculated using the QIIME software package (Zhang et al. 2016) . The difference in the microbial communities between the black coral species was examined with an analysis of similarities (ANOSIM) (Clark 1993) .
Nucleotide sequence accession numbers
The sequencing data of coral-associated microbes from A. ceylonensis and A. dichotoma were deposited in the Sequence Read Archive of the NCBI under accession numbers SRR5931567 and SRR5931568, respectively.
RESULTS
Illumina sequencing and sequence analysis
After denoising and chimaera detection, a total of 195 495 microbial 16S V4 sequences were obtained and used for analysis, and they were clustered into 1764 OTUs with 97% sequence similarity. The numbers of microbial sequences and OTUs detected in A. ceylonensis and A. dichotoma were 30 518 ± 673 and 484 ± 49, and 34 647 ± 3398 and 840 ± 74, respectively (Table 1) . Rarefaction curves were constructed for the number of microbial sequences vs OTUs. All the rarefaction curves for A. ceylonensis and A. dichotoma demonstrated a plateau (Fig. 2) , indicating that the number of sequences analysed might sufficiently represent the microbial diversity in the two black coral species. These results were supported by the comparison of the Chao 1 indices (estimated OTUs) and observed OTUs at the 97% sequence similarity, showing that the Chao1 indices were close to the observed OTUs for A. ceylonensis and A. dichotoma (Table 1 ). The Shannon's indices (H') calculated for A. ceylonensis and A. dichotoma were 3.26 ± 0.29 and 6.37 ± 0.27 (Table 1 ). These results suggested that an unexpectedly diverse microbial community was recovered in these two black coral species.
Diversity and composition of microbial community in black corals
A total of 1764 microbial OTUs detected in these two black corals covered a wide variety of microorganisms from 24 formally described bacterial phyla, 28 candidate bacterial phyla and 3 archaeal phyla. Firmicutes (56.47 ± 1.6%) were predominant in the black coral A. ceylonensis, followed by Proteobacteria (20.49 ± 0.02%), Crenarchaeota (5.64 ± 0.22%), Euryarchaeota (1.54 ± 0.06%), Planctomycetes (1.47 ± 0.24%) and Bacteroidetes (1.26 ± 0.07%) (Fig. 3) . Twelve microbial phyla dominated in the black coral A. dichotoma including Proteobacteria (29.70 ± 2.16%), Bacteroidetes (16.74 ± 1.58%), Chloroflexi (9.69 ± 1.11%), Acidobacteria (8.18 ± 0.51%), Actinobacteria (8.18 ± 0.63%), Poribacteria (3.79 ± 0.34%), SBR1093 (3.07 ± 0.18%), Gemmatimonadetes (2.68 ± 0.21%), Cyanobacteria (2.61 ± 0.11%), Firmicutes (2.57 ± 0.23%), Verrucomicrobia (1.33 ± 0.21%) and AncK6 (1.21 ± 0.75%). In addition, a small proportion of sequences belonging to Nitrospirae, Synergistetes, OD1, Chlamydiae, WWE1, GN02, Spirochaetes, TM7, Chlorobi, PAUC34f, GAL15, NKB19, NC10 and Parvarchaeota were recovered from A. ceylonensis or A. dichotoma (Fig. 3) .
Ubiquitous microbial communities in black corals
A total of 325 microbial OTUs were shared among the two black coral species (Fig. 4) and two unclassified genera (OTUs 91 and 696) within Poribacteria. The other OTUs were affiliated with Thermus (OTU65) within Thermi, Bacteroides (OTUs 14, 23, 51 and 37) and Olleya (OTU7) within Bacteroidetes and Nitrospira (OTU82) within Nitrospirae. In addition, several archaeal OTUs were affiliated with Nitrosopumilus (OTU349), Methanosa (OTU170) and Methanosarcina (OTU197) (Fig. 5) . The OTUs that were abundant in the both black coral species were defined as ubiquitous microbial communities in black corals.
Unique microbial community in different black coral species
The difference in the microbial communities in the black corals A. ceylonensis and A. dichotoma was tested with an ANOSIM and showed a significant difference (R = 0.97, P = 0.038), revealing a distinct distribution of microbial communities between A. ceylonensis and A. dichotoma. Although some microbial phyla were recovered from both black coral species, the proportion of these phyla in A. ceylonensis and A. dichotoma was different. For instance, the bacterial phylum Firmicutes accounted for 56.47 ± 1.6% of the total sequences in A. ceylonensis, whereas this phylum accounted for only 2.57 ± 0.23% of the total sequences in A. dichotoma. Bacteroidetes and Chloroflexi accounted for 16.74 ± 1.58% and 9.69 ± 1.11% of the total sequences in A. dichotoma, while they accounted for only 1.26 ± 0.07% and 0.61 ± 0.02% in A. ceylonensis, respectively (Fig. 3) . In contrast, most of the sequences belonging to the bacterial phyla Poribacteria, Cyanobacteria and Gemmatimonadetes were frequently recovered from A. dichotoma, while they were rare in A. ceylonensis (Fig. 3) . The archaeal phyla Crenarchaeota and Euryarchaeota were mainly distributed in A. ceylonensis, while they were rare in A. dichotoma. After comparing the unique microbial communities in black corals, we found that there were 381 and 1058 unique microbial OTUs recovered from A. ceylonensis and A. dichotoma, respectively (Fig. 4) (Fig. 6) .
DISCUSSION
This is the first investigation of the microbial communities associated with black corals using high-throughput Illumina sequencing. A total of 52 bacterial and 3 archaeal phyla were recovered in this study, suggesting that the black corals harboured unexpectedly diverse microbial communities. This result was also supported by the rarefaction curves reaching clear asymptotes (Fig. 2) , and the Shannon's indices of 3.26 ± 0.29 and 6.37 ± 0.27. Compared with the culturable microbial community associated with the black coral A. dichotoma in our previous study (Zhang et al. 2012a) , little overlaps with the microbial phylotypes in the uncultured 16S rRNA library in this study was found, indicating our investigations on the microbes in black corals by culturable-dependent and culturable-independent methods were not exhaustive. Among the 52 bacterial phyla detected in this study, Proteobacteria, Firmicutes, Bacteroidetes, Chloroflexi, Acidobacteria and Actinobacteria were the most abundant in the microbial communities in black corals. These bacterial phyla can also be found in stony corals, such as Porites lutea, Galaxea fascicularis and Acropora millepora from the South China Sea (Li et al. , 2014 , and soft corals such as Alcyonium antarcticum from the Ross Sea (Webster and Bourne 2007) and Alcyonium gracllimum from the East China Sea (Yang et al. 2013) . However, the relatively low proportion of Proteobacteria found in black corals was in sharp contrast to results in stony corals. Many previous studies on coral-associated microbes showed that Proteobacteria were always the most abundant and constituted 60% to 95% of the qualified bacterial sequences in almost all stony corals (Rohwer et al. 2002; Lampert et al. 2006; Li et al. 2013 Li et al. , 2014 . However, only 20.49 ± 0.02% and 29.70 ± 2.16% of the total sequences were affiliated with Proteobacteria in the black corals A. ceylonensis and A. dichotoma, respectively. This may be due to the difference in chemical compositions of mucus and skeleton in black corals compared with those in stony corals (Balinski and Sun 2017) .
In this study, an intriguing finding was that eight bacterial phyla including Synergistetes, Thermi, AncK6, GNO2, NKB19, NC10, WWE1 and GAL15 were recovered for the first time in corals (Table 2) , which increased the number of bacterial phyla known from corals. Synergistetes has been detected in a wide range of marine habitats, albeit mostly as a minor constituents (Hugenhotz, Hooper and Kyrpides 2009) , including in marine animals such as dolphins (Bik et al. 2016) and sponges (Dupont et al. 2013; Alex and Antunes 2015; Steinert et al. 2016) . Despite their habitat diversity, most isolates of Synergistetes bear a striking physiological resemblance to one another in that they are all strictly anaerobic (Hugenhotz, Hooper and Kyrpides 2009) . The other bacterial phyla, including Thermi, AncK6, GNO2, NKB19, NC10, WWE1 and GAL15, were recently discovered as candidate bacterial phyla. They seem to be present in many tropical sponge species (Jackson et al. 2013; Lesser et al. 2016; Steinert et al. 2016) and in black corals, although at a low frequency, suggesting they might play some ecological roles in sponges and corals.
In addition to bacteria, archaea were found to be important microbial community members in corals. In this study, three archaeal phyla including Crenarchaeota, Euryarchaeota and Parvarchaeota were recovered from the two black coral species studied, suggesting that black corals also harbour a diverse archaeal community. Among the three coral-associated archaeal phyla, Crenarchaeota and Euryarchaeota have been frequently detected in some stony corals (Wegley et al. 2004; Siboni et al. 2008) . However, the phylum Parvarchaeota is first reported for corals in this study. As a putative new archaeal phylum recovered by single-cell genomics and metagenomics techniques (Rinke et al. 2013) , Parvarchaeota is not widely accepted due to the low number of specimens and DNA sequences available. However, an increasing number of studies have recently shown that Parvarchaeota can be recovered from groundwater (Ludington et al. 2017) , soils (Caldwell et al. 2015) and geothermal spring (Coman et al. 2015) . The ecological roles of Parvarchaeota in various environments will be revealed in the near future.
The prevalence of Crenarchaeota over Euryarchaeota in the black corals studied here is consistent with previous studies on archaea in stony corals from La Parguerra, Puerto Rico (Wegley et al. 2004) . However, Kellogg reported a different result that a dominance of Euryarchaeota (approximately 80%) was found in three stony coral species from the US Virgin Islands (Kellogg 2004) . In this study, most of the crenarchaeotal sequences were affiliated with Nitrosopumilus, followed by Nitrososphaera and other unclassified genera. Both Nitrosopumilus and Nitrososphaera can aerobically oxidise ammonia to nitrite with near-stoichiometric conversion (Konneke et al. 2005) , suggesting that the Crenarchaeota in black corals could play an important role in oceanic nitrification (Siboni et al. 2008) . Most of the Euryarchaeota sequences were affiliated with the archaeal groups, that produce or reduce methane, such as Methanobacterium, Methanosaeta, Methanosarcina, Methanobrevibacter, Methanospirillum and Methanomethylovorans. This result suggested that Euryarchaeota might be responsible for carbon metabolism in black corals.
Another intriguing finding in this study is that the microbial community in A. ceylonensis comprised few abundant bacterial genera such as Citrobacter, Acinetobacter and Pseudomonas, whereas a high diversity of rare bacterial genera (<1% abundance), such as Winogradskyella, Tenacibaculum, Muricola and Rubricoccus, were detected only in A. dichotoma (Fig. 6) . Previous studies showed that the microbial community in stony corals exhibited species-specific variation (Rohwer et al. 2002; Sunagawa, Woodley and Medina 2010) . Our results suggested that the microbial community in black corals could also exhibit speciesspecific variation. What factors contribute to the variation in microbial communities in these two black coral species? Recent studies showed that the microbial community itself might determine the types of microbes by inhibiting or simulating the growth of other bacteria in corals (Ritchie 2006; Rypien, Ward and Azam 2010) . In this study, Firmicutes, which can produce some bioactive compounds and inhibit bacterial growth (Aleti, Sessitsch and Brader 2015) , was abundant (56.47 ± 1.6%) in A. ceylonensis (Fig. 6) and relatively rare (2.57 ± 0.23%) in A. dichotoma. Therefore, we hypothesised that the distribution of Firmicutes could contribute to the difference in the microbial communities associated with A. ceylonensis and A. dichotoma. 
FUNDING
